One sentence summary: Three novel infection patterns for Rickettsia endosymbiont in the whitefly Bemisia tabaci were identified, including being scattered in bacteriocytes throughout the female abdomen, and localization in wax glands and the colleterial gland.
INTRODUCTION
Symbiotic phenomena between bacterial endosymbionts and insects are very common in nature. Maternally inherited endosymbionts harbored in insect hosts are broadly divided into primary endosymbionts and secondary endosymbionts. Primary endosymbionts are essential for the survival and development of insect hosts (e.g. sap-feeding insects) with diets that are typically nutrient-poor (Douglas 1998; Baumann 2005) . Secondary endosymbionts are not necessary for host growth, but accumulating data suggest that they play other important roles, such as providing protection against natural enemies and pathogens (Oliver et al. 2003; Oliver, Moran and Hunter 2005; Scarborough, Ferrari and Godfray 2005) , providing protection against heat stress (Montllor, Maxmen and Purcell 2002) , broadening the range of suitable food plants (Tsuchida, Koga and Fukatsu 2004) and manipulating host reproduction (feminizing genetic males, male-killing and cytoplasmic incompatibility) (Engelstadter and Hurst 2009) .
Primary endosymbionts are typically housed within specialized host organs called bacteriomes (Baumann 2005) . However, secondary endosymbionts inhabit various body parts, such as the bacteriocytes Gottlieb et al. 2008; , salivary glands (Macaluso et al. 2008) , hemolymph (Chen, Campbell and Purcell 1996; Dobson et al. 1999; Fukatsu et al. 2000; Tsuchida et al. 2005; Shi et al. 2016) , Malpighian tubules (Bution, Caetano and Zara 2008) , gut tissues (Gottlieb et al. 2006) , body fat (Brumin, Levy and Ghanim 2012) and reproductive organs (Zchori-Fein, Roush and Rosen 1998; Frydman et al. 2006; Brumin, Levy and Ghanim 2012) . Secondary symbionts were once thought to be strictly vertically transmitted, but have now been shown to undergo some horizontal transmission Chiel et al. 2009; Caspi-Fluger et al. 2012; Ahmed et al. 2015; Li et al. 2017a,b) .
The whitefly Bemisia tabaci (Gennadius) (Hemiptera: Aleyrodidae) is a severe agricultural pest in many parts of the world (De . Bemisia tabaci can attack more than 600 species of host plants in both field and greenhouse settings, including food, fiber and ornamentals (Gelman, Blackburn and Hu 2005) . Although it is formally described as a single species, it is a cryptic species complex of at least 24 morphologically indistinguishable species (Dinsdale et al. 2010; Boykin et al. 2011) . The B. tabaci species informally named Middle East-Asia Minor 1 (MEAM1, formerly B biotype) is a particularly notorious invasive pest, with a nearly global distribution. Like other phloem feeders, B. tabaci harbors a primary symbiont, Portiera aleyrodidarum, which most likely provide their whitefly host with essential amino acids and carotenoids (Sloan and Moran 2012) , as well as several secondary symbionts, including Arsenophonus, Hamiltonella, Wolbachia, Rickettsia, Cardinium and Hemipteriphilus (Baumann 2005; Gottlieb et al. 2006; Bing et al. 2013) .
Significant progress has been made in the research of insect endosymbionts in the last decade, but some key association mechanisms between microbes and insects, such as temporal proliferation dynamics and spatial distribution of symbionts within their hosts, are still unclear. This has hindered attempts to explore insect-symbiont interactions. In this study, we used polymerase chain reaction (PCR) to identify the endosymbionts infecting B. tabaci MEAM1 populations in South China and realtime quantitative PCR (qRT-PCR) to study their infection concentrations in various stages of whitefly development. We also looked at the spatial localization of the endosymbionts with fluorescence in situ hybridization (FISH). Our results indicate that both the primary and secondary endosymbionts show a positive response in their titer increase with the development of the whitefly host. Additionally, novel localization patterns of Rickettsia were observed in B. tabaci adults, which may be correlated to their transmission route and physiological function within their whitefly hosts.
MATERIALS AND METHODS

Whitefly origin and rearing
Two populations of B. tabaci MEAM1 from South China were used in this study. The original B. tabaci samples were collected from eggplants in June 2015 from Guangzhou, Guangdong province. Parts of these samples were directly immersed into anhydrous ethanol and preserved at -80
• C; this population was designated as the 'field population'. Whiteflies from the field population were analyzed to identify both the type and the spatial localization of endosymbionts. The remaining samples were reared on cotton plants in separate gauze-screen cages in the laboratory. One pair of unmated F1 male and female adults was collected and introduced into a leaf cage (height 3 cm and diameter 5 cm) with new clean cotton leaf. Adults were recollected 5 days later and used to screen for endosymbiont bacteria infection. When F1 adults were found to be infected with secondary endosymbionts, including Hamiltonella and Rickettsia, their offspring were then reared on clean cotton plants in separate cages with ambient temperature, photoperiod and humidity; this population was designated as the 'lab population' and was used to detect the infection rates of primary and secondary endosymbionts, and to investigate the dynamic changes of these endosymbionts during the different developmental stages of B. tabaci.
In order to ensure the purity of the B. tabaci population during experiments, the B. tabaci MEAM1 lab population was monitored monthly by sequencing the mitochondrial cytochrome c oxidase I barcodes, using the methods of Qiu et al. (2009) .
PCR detection of secondary endosymbionts
Approximately 100 B. tabaci adults from the field population were randomly selected for the PCR detection of secondary endosymbionts (Hamiltonella, Cardinium, Rickettsia, Arsenophonus, Fritschea, Hemipteriphilus and Wolbachia) . The specific primers and cycling conditions are shown in Table S1 (available as supplementary material online). Individual whitefly total genomic DNA was extracted according to Ahmed et al. (2010) . PCRs were performed in a 25 μl volume containing 1 μl of the template DNA lysate, 2.5 mM MgCl 2 , 200 mM for each dNTP, 1 μM of each primer and 1 unit of DNA Taq polymerase (Invitrogen, Guangzhou, China). PCR products were sent to BGI (Guangzhou, China) for sequencing after expected bands were visible on 1% agarose gels. To confirm the specificity of the detection, the diagnostic PCR experiments included positive (Portiera aleyrodidarum) and negative (ddH 2 O) controls.
Quantitative detection of three major endosymbionts
The relative titers of the various endosymbionts present in different developmental stages of the lab population were examined using qRT-PCR. The β actin gene and 18S rDNA of B. tabaci were used as housekeeping genes. The primers used for each endosymbiont are given in Table 1 (Sinisterra et al. 2005; Ghanim and Kontsedalov 2009; Brumin, Kontsedalov and Ghanim 2011; Pan et al. 2013) . Whitefly DNA was extracted from 30 sets of eggs (10 eggs per set from the same parents, due to their small size), 30 nymphs of each instar (from first to fourth instar) and 60 adults (30 female and 30 male, sampled within 2 h after eclosion). DNA was extracted using a TIANamp Genomic DNA kit (Tiangen, Beijing, China). Amplifications were performed using Thunderbird SYBR Green PCR mix (TOYOBO, Osaka, Japan) and 5 pmol of each primer. The cycling conditions were: 5 min activation at 95
• C, 40 cycles of 30 s at 95
• C, 30 s at 55
• C and finally 30 s at 72
• C. A non-template negative control was included for each primer set to check for primer dimers and contamination. This part of the study was repeated twice more, for a total of 90 egg sets, 360 nymphs and 180 adults sampled. Sinisterra et al. (2005) .
FISH visualization of Rickettsia
The visualization of Rickettsia in the B. tabaci MEAM1 field population was performed with the Rickettsia-specific 16S rRNA gene probe (Rb1-Cy3:5 -Cy3-TCCACGTCGCCGTCT TGC-3 ) using the methods of Sakurai et al. (2005) and Gottlieb et al. (2006) with slight modifications. Whitefly samples (nymph and adult) were cleaned twice with sterilized ddH 2 O, then immersed in Carnoy's solution and fixed overnight at 4 • C.
After fixation, the samples were washed three times (5 min per wash) in 50% ethanol and decolorized in 6% H 2 O 2 in ethanol for 2 days in dark conditions. The samples were then hybridized overnight in hybridization buffer (20 mM Tris-HCl (pH 8.0), 0.9 M NaCl, 0.01% sodium dodecyl sulfate, 30% formamide) containing 20 pmol of fluorescent probes/mL in a 40
• C water bath in dark conditions. Finally, the stained whitefly samples were washed three times (10 min per wash) in a washing buffer (0.3 M NaCl, 0.03 M sodium citrate, 0.01% sodium dodecyl sulfate) and were observed under a Nikon eclipse Ti-U FluoView inverted microscope. The specificity of detection was confirmed using a noprobe control.
Strain identification of Rickettsia isolations
To assess the identification of different Rickettsia from varied locations, three Rickettsia genes, 16S rRNA, phosphoglycerol transferase (Pgt) and citrate synthase (gltA), were PCRamplified according to the procedure described in Caspi-Fluger et al. (2012) . All the DNA products were then sequenced and analyzed according to the methods of Li et al. (2017b) ; in brief, the DNA sequences were edited and aligned manually using Clustal X1.83 in Mega 5, and finally all the 16S rRNA, gltA and Pgt gene sequences were submitted to GenBank.
Data analysis
A Bio-Rad machine (American) and the accompanying software (Bio Rad CFX Manager) were used for qRT-PCR data normalization, and the relative quantities of endosymbionts were calculated using the method of 2 
RESULTS
PCR detection of secondary endosymbionts in Bemisia tabaci whitefly
In order to understand the infection species and status of endosymbionts in the whitefly B. tabaci, the MEAM1 adults randomly collected from the field were screened by PCR with special primers of 16S rRNA, 23S rRNA and wsp genes. Results revealed that the field population of MEAM1 B. tabaci in South China was infected with at least one primary endosymbiont (Portiera) and three secondary endosymbionts (Rickettsia, Hamiltonella, Hemipteriphilus) (Fig. 1) . The infection percentages of these secondary endosymbionts in B. tabaci adults were 32.6%, 93.8% and 97.9%, respectively.
Quantitative detection of three major endosymbionts
The relative titers of the primary endosymbiont Portiera and the secondary endosymbionts Hamiltonella and Rickettsia that are present at different developmental stages of B. tabaci lab population were examined by using qRT-PCR. Results showed that all of their relative titer amounts generally increased with the development of whiteflies. The titer of Portiera was relatively low in whitefly eggs, and at its highest in fourth instar nymphs and female adults (Fig. 2, Fig. S1 (available as supplementary material online)). Similarly, the titer of Hamiltonella was higher in the more developed whitefly hosts, reaching its peak in fourth instar nymphs (Fig. 2, Fig. S2 ). The titer of Rickettsia was highest in female adults, followed by male adults, with significant increases in titer amounts in the immature stages (Fig. 2, Fig.  S3 ). However, the titer of Rickettsia was significantly lower than those of Portiera and Hamiltonella in all whiteflies except female adults ( Fig. 2 ; F 2,6 = 14.99, P < 0.001 for egg stage; F 2,6 = 25.79, P < 0.001 for first instar nymphs; F 2,6 = 115.47, P < 0.001 for second instar nymphs; F 2,6 = 581.10, P < 0.001 for third instar nymphs; F 2,6 = 61.01, P < 0.001 for fourth instar nymphs; F 2,6 = 0.3222, P = 0.7364 for female adults; F 2,6 = 3.98, P = 0.0794 for male adults). The column and error bars represent the fold change (titer) in mean ± SE, and three replicates of each qRT-PCR were used in each column.
FISH visualization of Rickettsia
The localization patterns of Rickettsia in B. tabaci hosts were visualized using FISH, and two different patterns of Rickettsia distribution were observed in eggs of B. tabaci: some eggs had a 'confined' pattern (Rickettsia concentrated in the center of the egg) and others had a 'scattered' pattern (Rickettsia distributed throughout the entire egg) (Fig. 3) . In nymphal instars and pseudo pupae, Rickettsia was only observed in a confined pattern, limited to the bacteriocytes localized in the abdomen (Fig. 4) . In adults, three interesting localization patterns were observed: (i) Rickettsia was found in abdominal bacteriocytes throughout females, but never in males (Fig. 5A) ; (ii) Rickettsia was found in female wax glands; and (iii) Rickettsia was found in female colleterial glands ( Fig. 5C-E) . This is the first time that these Rickettsia localization patterns have been observed in B. tabaci adults. Rickettsia was also found in the legs of the B. tabaci host, but no specific FISH signal was observed in any of the negative controls.
Strain identification of Rickettsia isolations
The phylogeny of these Rickettsia isolates from different localizations was finally analyzed based on the 16S rRNA, Pgt and gltA genes. Different Rickettsia isolates from abdominal bacteriocytes, wax glands and colleterial glands of female B. tabaci host were all identical to each other. All the DNA sequences were submitted to GenBank with the accession numbers KX645660-KX645662.
DISCUSSION
Bemisia tabaci is a species complex of at least 24 cryptic species that is known to harbor at least seven endosymbionts, with infection frequencies varying between cryptic species and between conspecific populations (Shan et al. 2014) . For example, B. tabaci MEAM1 populations from Israel, the USA and China (Zhejiang and Beijing) contained two secondary endosymbionts, Rickettsia and Hamiltonella (Gottlieb et al. 2006 (Gottlieb et al. , 2008 Chiel et al. 2007; Himler et al. 2011; Shan et al. 2014; Su et al. 2014) , whereas B. tabaci MEAM1 from Montenegro also contained a third endosymbiont, Wolbachia (Skaljac and Ghanim 2010) . In this study, diagnostic PCR screening revealed that a Guangzhou population of B. tabaci MEAM1 contains
Rickettsia and Hamiltonella as well as Hemipteriphilus. The latter two endosymbionts had infection rates higher than 90% whereas Rickettsia had a much lower infection rate (< 35%). Our results support previous studies which demonstrated that the infection frequencies of Hamiltonella in whitefly hosts were always higher and stable, and even 100% in some populations (Chiel et al. 2007; Skaljac and Ghanim 2010; Chu et al. 2011) . Similarly, our observed Rickettsia infection frequency falls within the large range (12 to 84%) that has been observed in other MEAM1 populations (Cass et al. 2015) . Our results provide further evidence that there are intimate, or even obligatory, interactions between Hamiltonella and its whitefly hosts, and that the interactions between Rickettsia and whiteflies are unstable or environmentally sensitive. This would support the findings of Su et al. (2014) , who showed that temperature significantly affected Rickettsia densities but did not affect Hamiltonella densities. In aphids, the titers of the primary endosymbiont Buchnera and the secondary endosymbionts Serratia, Regiella and Hamiltonella were found to increase significantly with host age (Laughton, Fan and Gerardo 2014) . From the perspective of immunology, the efficacy of the immune system generally appears to decline with age (Ramsden, Cheung and Seroude 2008; Mackenzie, Bussiere and Tinsley 2011) . In this study, Hamiltonella and Portiera titers similarly increased in later stages of whitefly development. These synchronous changes may indicate that there are some interactions between Portiera and Hamiltonella related to host immunology or defense that have not yet been discovered. Hamiltonella has been known to occupy the same bacteriocytes as Portiera (Gottlieb et al. 2008) , can provide vitamins and cofactors that are not sufficiently synthesized by Portiera, and can complete the missing steps of some of the pathways of Portiera (Rao et al. 2015) . Su et al. (2014) also provided evidence that Hamiltonella may play a role as a nutritional mutualist in B. tabaci. The increased titers of these endosymbionts in later whitefly instars may be related to the whiteflies' immunity requirements in those stages, or may be associated with the accumulation of the large amounts of nutrients required for transition to the next stage of development. Meanwhile, another secondary endosymbiont, Hemipteriphilus, was first discovered in B. tabaci China 1 cryptic species (Bing et al. 2013 ), but our current results revealed that this endosymbiont also infects B. tabaci MEAM1 populations, and its titer and distribution patterns need to be further investigated.
Rickettsia proliferation mainly occurred during eclosion, so we speculate that Rickettsia has closer relationships with the processes of whitefly eclosion and reproduction. It has been shown that Rickettsia-infected whiteflies produced more offspring and a higher proportion of female offspring (Himler et al. 2011) ; this female bias was also observed in our study (data not shown).
The distribution patterns of Rickettsia in B. tabaci have been reported in many studies since this endosymbiont was first detected in 2006 (Gottlieb et al. 2006 (Gottlieb et al. , 2008 Brumin, Levy and Ghanim 2012) . Previous reports revealed that Rickettsia has two localization patterns, 'scattered' and 'confined' (Gottlieb et al. 2008) , with scattered patterns contributing to the horizontal transmission of Rickettsia (Chiel et al. 2009; Caspi-Fluger et al. 2011; Shi et al. 2016) . In this study, both the confined and scattered patterns of Rickettsia were detected in B. tabaci eggs, but only the confined pattern was detected in nymphs. Rickettsia patterns during the transition from egg to nymph still need to be investigated further.
The most interesting findings in our study are the three Rickettsia localization patterns that have never been observed before in B. tabaci adults. Scattered patterns of Rickettsia were observed throughout the female abdomen, but never in males, indicating a gender difference. Female wax glands and female colleterial glands were also infected with Rickettsia. Wax gland infection was somewhat unexpected since no relationship has ever been reported between prokaryotic microorganisms and insect wax glands. Bemisia tabaci have two pairs of wax plates on females and four pairs on males, located on the ventral abdomen, and hundreds of sclerotized pores in each plate connect to wax glands underneath (Walker, Perring and Freeman 2010) . We speculate that this special infection pattern may be related to some physiological roles in B. tabaci, as the waxes produced by wax glands have been revealed to have some function for the insect host, such as preventing desiccation, reducing penetration of harmful foreign substances (chemicals, infectious microorganisms and their toxins), and chemical communication (waxes are a source of B. tabaci sex pheromones) (Buckner, Hagen and Nelson 1999; Byrne and Hadley 2010) .
The localization of Rickettsia in female colleterial glands may be related to its vertical transmission. Whiteflies have three gonapophyses; when they lay eggs, the single gonapophysis encloses a duct from the colleterial gland which produces adhesive that anchors the egg pedicel to the leaf (Walker, Perring and Freeman 2010) . This process may provide an opportunity for Rickettsia to enter and colonize the egg pedicel, and then infect the next generation. Gottlieb et al. (2006) detected Rickettsia in the egg pedicel and in a single bacteriocyte located near the pedicel; to a certain extent, these results support our speculation. Previous studies have shown that Rickettsia can manipulate reproduction of their insect hosts, such as Rickettsia involvement in the oogenesis of booklice and parthenogenesis in Neochrysocharis formosa (Brumin, Levy and Ghanim 2012) . In whiteflies, Rickettsia-infected females produce more offspring than uninfected ones (Himler et al. 2011 ). The precise reproductive manipulation mechanism of Rickettsia is unclear, but our discovery of Rickettsia in colleterial glands may serve as an important clue to understanding this mechanism.
In summary, our study shows that the titers of Rickettsia, Portiera and Hamiltonella endosymbionts differed at different developmental stages of B. tabaci MEAM1, but generally increased with the host development. We discovered three novel localizations of Rickettsia in female adults of B. tabaci: in bacteriocytes (i) scattered throughout the whole abdomen, (ii) confined in the wax glands, and (iii) confined in the colleterial glands. Our results may help to further explore symbiosis mechanisms and uncover the physiological roles of these endosymbiotic bacteria in their insect hosts. Natural Science Foundation of China (31672028), the Guangdong Science and Technology Innovation Leading Talent Program (2016TX03N273) and the Guangdong Province Universities and Colleges Pearl River Scholar Funded Scheme (2014-19) to B-LQ. The founders had no role in the study design, data collection and interpretation, or the decision to submit the work for publication.
